Bacteriophages of methanotrophic bacteria have been found in 16 out of 88 studied samples (underground waters, pond water, soil, gas and oil installation waters, fermentor cultural fluids, bacterial paste, and rumen of cattle) taken in different geographic zones of the Soviet Union. Altogether, 23 phage strains were isolated: 10 strains that specifically lysed only Methylosinus sporium strains, 2 strains that each lysed 1 of 5 Methylosinus trichosporium strains studied, and 11 strains that lysed Flavobacterium gasotypicum and, at the same time, 1 M. sporium strain. By fine structure, the phages were divided into two types (with very short or long noncontractile tails); by host range and serological properties, they fell into three types. One-step growth characteristics of the phages differed only slightly; the latent period varied from 6 to 8 h, the rise period varied from 4 to 6 h, and the average burst size was 100. All phages had guanine-and cytosinerich double-stranded deoxyribonucleic acid consisting of common nitrogen bases. The molecular mass of the deoxyribonucleic acid as determined by restriction endonuclease analysis was 29.4 x 106 for M. sporium phages and 44 x 106 for F.
gasotypicum phages. By all of the above-mentioned properties, all phages within each of the groups were completely identical to one another, but differed from phages of other groups. Bacteriophages lysing M. sporium and M. trichosporium GB2 were identical to phages Ml and M4, respectively, which were isolated earlier in the German Democratic Republic on the same methanotrophic species.
Considerable importance has been attached recently to research into the biology and taxonomy of methanotrophic bacteria. This includes morphology and physiology of these microorganisms (3, 20) , their metabolism and ecology (6, 22) , possible utilization in prospecting for oil and natural gas (8) , and control of methane accumulation in mines (6) . Studies aimed at using these microorganisms in industrial biosynthesis of protein are also under way (6) .
The last decade was marked by a wide utilization of bacteria and actinomycetes for industrial production ofbiologically active substances, proteins, and nutritional products, and phages are often a cause of disturbances in the technological process. Production of protein mass by using methane-oxidizing bacteria has also been accompanied by various disturbances.
Since experimental data on specific bacteriophages of methanotrophic bacteria were not available until recently, these disturbances were seldom associated with bacteriophages.
Several years ago, microbiologists of the Institute of Technical Chemistry, German Democratic Republic, with one of us (A.S.K.) detected and isolated bacteriophages of methanotrophic bacteria (21) . More detailed information on these phages was reported by Tyutikov et al. (17) . These data allowed us to reconsider the deviations from the normal technological process observed in the biological production of protein from natural gas and to relate them, in some cases, at least, with the lysis of bacteria by specific phages.
The present study was aiined at the isolation of new phages specific to various methane-oxidizing bacteria, the investigation of their distribution in sources of natural and industrial origin in the Soviet Union and the systematization of the isolated phage strains according to their ultrastructure, plaque morphology, host range, serological properties, one-step growth characteristics, and nucleic acid properties.
MATERIALS AND METHODS
All manipulation with phages was performed as described by Adams (1) and Stent (13 Isolation of phages. Phages were isolated from various natural sources without enrichment (see below) since most of the samples contained organic matter which is known to prevent the growth of methane-oxidizing bacteria (8) .
The phage titer was determined by the agar layer technique. High-titer phage was obtained by the method of Swanstrom and Adams (14) .
Bacteriophage fine structure. The fine structure was investigated by using negative contrasting under an EM-1OOB electron microscope at 30 kV and magnification on the screen of 50,000.
Each newly isolated phage was designated with lower case letters according to the parent culture separated by a hyphen from the origin number; e.g., phage gb4-9 was isolated from sample 9 of culture GB4.
Antigenic properties of phage. The antigenic properties were studied by neutralization with rabbit phage antiserum. The following phages were used for obtaining antisera: cm4-9 (2.9 x 109 plaque-forming units [PFU]), cmfl-11 (1.2 x 1010 PFU), M4 (1 x 1010 PFU), and Ml (2 x 109 PFU). Phages Ml and M4 were isolated earlier in the German Democratic Republic (21) .
The rabbits received nine phage injections. The first two injections were performed subcutaneously; portions of 0.2 ml of phage with complete Freund adjuvant (Difco) (1:1) were administered into five different sites, and the injections were separated by a 7-day interval. The subsequent seven injections were without adjuvant and consisted of 2-ml portions given at 3-day intervals. The rabbits were bled 10 days after the last injection.
This procedure yielded highly active sera. Inactivation constants (K) for sera against phages gb4, cm4, cml-11, and gb2 equaled, respectively, 170, 127, 544, and 742. The neutralization reaction with those sera was carried out with phage M4 and the 28 phage strains isolated in the course of this study.
One-step growth. The classical technique of Adams (1) was slightly modified since frequent changes of the gaseous medium while taking the samples resulted in complete suppression of the growth. Instead of adsorption tubes, we used shaker flasks (500 ml) with spouts near the bottom which were fitted with rubber hoses. The flasks with hoses were sterilized at 1 atm for 30 min. A 1-day culture (in the logarithmic phase of growth) was infected with phage at a multiplicity of infection of 0.1 (the bacterial titer was determined in a Goryaev counting chamber under a light microscope), incubated for 30 min (for adsorption) in a water bath at 300C, and diluted in Puschino medium 104-and 106-fold. Both dilutions (50 ml) were transferred to sterile shaker flasks; the flasks were filled with the gaseous medium and incubated for 24 h on the shaker. Every 2 h, 0.5-ml samples were taken from the rubber hoses by using a sterile syringe with a thin needle, and 0.1-ml portions were seeded on plates containing indicator lawns. The number of plaques was counted after a 4-day incubation in a desiccator containing the gas mixture. These methods allowed us to ensure steady growth conditions and to obtain more or less reproducible results.
Isolation of phage DNA. DNase and RNase (Serva; 2 to 5 ,ug/ml) were added to cleared lysates which were then left overnight at 40C. After centrifugation at 5,500 rpm for 20 min in the cold, the phage was precipitated by adding 0.5 M NaCl and 10% polyethylene glycol (Serva; 6,000 molecular weight) or by high-speed centrifugation (Measuring & Scientific Equipment model 25 centrifuge; 24,000 rpm for 2 h). The phage pellet was suspended with a magnetic stirrer in 0.05 M Tris-hydrochloride-0.01 M MgCl (pH 7.6) and centrifuged for 20 min at 10,000 rpm (Measuring & Scientific Equipment centrifuge; 18). The supernatant was transferred into centrifuge tubes (38.5 ml) of a Beckman SW27 rotor onto a 10-ml layer of CsCl (1.4 g/ml) and spun for 2.5 to 4 h on a Spinco L5-50 at 24,000 rpm at 200C. The pellet was resuspended in 2 to 3 ml of Tris-hydrochloride-0.1 M NaCl buffer (pH 7.4) and treated 2 or 3 times with 1 to 2 volumes of water-phenol mixture (88% phenol, 12% water, 0.02 volume of 1 M Tris-hydrochloride buffer [pH 7.0], and 0.001 volume of 5 M KOH). Phenol was removed by centrifugation at 5,000 rpm for 20 min followed by extraction with ether or dialysis against 0.lx SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). DNA was sedimented by adding 1 volume of cold isopropyl alcohol and stored in 0.lx SSC at 40C. In some cases, DNA was extracted from phage by alternately heating to 65°C and cooling to -70°C. Complete hydrolysis of DNA was carried out in sealed glass ampoules at 1000C in 57% perchloric acid for 1 h. Chromatographic separation, elution, and spectrophotometry of nitrogen bases were performed as described by Vanyushin (18) . Measurements of melting temperature and guanine-plus-cytosine-content calculations were carried out by the method of Marmur and Doty (7) .
Treatment with restriction endonucleases. The enzymes employed were EcoRI (isolated by the method of Greene et al. [5] ), BamHI (isolated by the method of Wilson and Young [19] ), SalGI (2), HindII and HindIII (10) , and PstI (12) . Cleavage of DNA with BamHI, HindII, HindIII, and PstI enzymes was performed at 370C for 1 h in a mixture (100 to 200 pl) containing 50 mM NaCl, 6 mM Tris-hydrochloride (pH 7.4), 6 mM MgCl, and 6 mM 2-mercaptoethanol. The incubation mixture for EcoRI consisted of 50 mM NaCl, 100 mM Tris-hydrochloride (pH 7.5), 5 mM MgCl, and 10 mM 2-mercaptoethanol. Restriction with SalGI was carried out in a solution of 100 mM NaCl, 6 mM Tris-hydrochloride (pH 7.9), 10 the samples were heated for 5 to 7 min at 65°C, rapidly cooled to 0°C, and analyzed in 1% agarose gels (11) .
Analysis of endonuclease restriction pattern. Analysis of the endonuclease restriction pattern was done by using electrophoretograms of the gels. The gels were photographed in UV light with VCh film, and the electrophoretic mobility of each fragment was measured on an ACM-2M compactor (USSR) or a Serva laser scanner. The molecular weights of fragments were determined by using as markers restrictions of phage DNA with known molecular weight (15) . RESULTS Distribution of phages. The samples consisted of soil and water taken in different geographic and climatic zones of the USSR, tripe of cattle, protein paste of methane-oxidizing bacteria, and cultural fluid of pilot fermentor installations.
From 88 samples, we isolated 30 phage strains that lysed M. sporium, M. trichosporium, and F. gasotypicum species and no phages that were active on Methylococcus, Methylomonas, or Methylocystis genera. It should be noted that all isolated phages were apparently present at high concentration in the samples; the enrichment technique is unfortunately not applicable to such strict autotrophs as methane-oxidizing bacteria (6) .
Phages of methanotrophic bacteria are rather widely spread in the environment. They were found in two cattle rumen samples out of six studied. The samples were taken from different climatic and geographic zones of the Soviet Union. This fact indicates a rather high probability of encountering them in the production of protein from natural gas. The phages were found in 34% of the samples investigated, whereas in the paste of methane-oxidizing bacteria and in fermentor cultural fluid, they were present in 60% of the cases. In water samples taken from gas and oil installations, the phages were found in 100% of the cases, which is due to the fact that this water is an ecological niche for methanotrophic bacteria (6) . Our failure to detect phages active on Methylococcus, Methylomonas, and Methylocystis bacteria does not indicate their absence in the environment since we had only a few indicator strains from these genera. Besides, many strains form poor lawns on solid media, thus decreasing the probability of detecting phages specific to them.
Ultrastructures of the phages. Phages of 28 isolated strains were studied under the electron microscope. Two phages, gb2-80 and cmfl-80, isolated from sample 80, were not examined by electron microscope analysis. All of the phages fell into the two morphological groups described earlier (17) . The first group consisted of phages with short tails. These phages lysed M. sporium and M. trichosporium. Phages of the second group had heads with long tails and lysed F. gasotypicum.
The first phage group had short tails ending with basal plates. The heads of these phages were polyhedrons and had a hexagonal planar projection; empty capsids had the shape of an icosahedron. An interesting detail was the straight projections coming from each apex of the capsid. Phages of this group may be classified into the morphological type III according to the classification of Tikhonenko (16), i.e., phages with short tails (Fig. 1) .
The heads of phages from the second group (Fig. 2) were also polyhedrons. The phages had long, noncontractile tails consisting of helically arranged subunits. The coils of the helix produced the cross-hatching on the micrograph. The tail ends with a basal plate of a rather complex structure. These phages can be classified into the morphological type IV (16) .
We made the following measurements for each of the 28 strains: the diameter and edge of the head and the length and width of the tail. was highly species-and strain-specific; it lysed only M. trichosporium strain GB2 but failed to grow on other species as well as on the four other strains of the same species tested (GB39, CM68a, 24, and 44). (iii) Phage cm68a-9 was first isolated only on M. trichosporium CM68a. After obtaining a high titer, this phage gained the ability to lyse M. sporium strains GB4 and CM4 as well. Its fine structure and plaque morphology were indistinguishable from those of phages gb4 and cm4. (iv) The group of cmfl phages (11 strains) lysed, besides F. gasotypicum CMF1, M. sporium strain GB4 and were, therefore, also less specific than phages of groups (i) and (ii). It is interesting to note that strain CM4 of the same species, unlike GB4, was not lysed by any of the 11 cmfl phages, thus allowing them to be used for distinguishing between the two bacterial strains which are otherwise very similar to each other.
These data suggest that typing with an adequate set of phages may be a promising approach for obtaining more specific information about the yet insufficiently clear taxonomy of methanotrophic bacteria.
Antigenic relationships. Table 2 shows data on neutralization ofthe phages with specific phage antisera. It can be seen that serological properties generally correlated with the host range of the phages. Phages of the gb4-cm4 group were neutralized to the same extent and, in cross-reaction, only by homological antisera against gb4 and cm4. The same sera neutralized (even with a greater K) the phage cm68a-8 of M. trichosporium, which is closely related to phages gb4 and cm4 in host range and identical to them in plaque morphology and particle structure. Phage M4 and the cmfl group were completely isolated serologically and were neutralized only with homological antisera.
To clarify the serological relationship between phages gb4-9 and gb4-39 and phage Ml, we obtained an antiserum to phage Ml. Both antisera, anti-Mi and anti-gb4-9, neutralized all 18 gb4 and cm4 strains essentially to the same extent. Thus, phages belonging to this group, although isolated in the German Democratic Republic and the Soviet Union, were identical in morphology, host range, plaque morphology, and serological properties. (Table 3 ). The typical melting curve profile for double-stranded DNA and the UV adsorption spectra were also typical of DNA of usual composition. The guanine-plus-cytosine content varied from 58.6 to 64.1 mol%.
Restriction endonuclease analysis of phage DNA. Restriction endonuclease treatment was applied to the DNA of nine phages of the gb4-cm4 group (gb4-9, gb4-12, gb4-14, gb4-39, cm4-11, cm4-12, cm4-21, cm4-39, and cm4-56) lysing M. sporium and eight phages growing on F. gasotypicum (cmfl-11, cmfl-12, cmfl-14, cmfl-21, cmfl-27, cmfl-39, cmfl-50, and cmfl-56). All phages within each of the groups were cleaved absolutely identically by all restriction enzymes used. EcoRI and PstI were inactive in 
DISCUSSION
In the course of this study, we detected phages specific for methane-oxidizing bacteria in 16 out of 88 samples investigated. Some samples contained phages specific for different hosts. Seven samples which were taken mostly from the specific habitat of methanotrophic bacteria (fermentor cultural fluid, water of gas and oil installations, and rumen of cattle) contained two different phages. In seven samples, plaques were found after primary plating on lawns of both strains GB4 and CM4, and in three samples, plaques were found only on one of them. After propagation to high titers, all 10 strains could grow equally well on both host strains. Since gb4 phages were identical to the cm4 group by all characteristics so far studied, it is to be concluded that each ofthese samples contained only one strain capable of growing on M. sporium, and the fact that some of them were ofiginally found only on one lawn was due to a very low phage titer in the samples.
The total number of phage strains isolated from 88 samples thus equals 23: 10 strains of the gb4-cm4 type which lysed only M. sporium, 11 cmfl strains growing on F. gasotypicum and on 1 of the M. sporium strains, and 2 strains which lysed-only 1 of 5 M. trichosporium strains. No phages were found to be able to grow on the six other species of methanotrophic bacteria investigated. This was probably due to the low concentration of phages in the samples and the failure to apply the enrichment technique (the culture stops growth because of high organic matter content).
The above evidence suggests that phages of the gb4-cm4 and cmfl groups are rather widely spread in the Soviet Union and may cause considerable danger for industrial production ofprotein from natural gas under continuous and nonsterile conditions. Essentially, these two groups represent individual strains inhabiting different ecological niches and geographic regions. A good example is provided by phages gb4 and cm4, isolated in the Soviet Union, and phage Ml, isolated in the German Democratic Republic. The number of types of phages lysing methanotrophic bacteria in the environment appears to be limited. Thus, it would be useful to obtain mutants ofindustrial cultures of methanotrophic bacteria that are resistant to most phages.
